The eŠect of the surfactant, a- [4-(1,1,3,3-tetramethylbutyl) phenyl]-v-hydroxypolyoxy-1,2-ethanediyl, on the adsolubilization of cholesterol and W or dotriacontane as model compounds of the epicuticular wax of mature tomato ( Lycopersicon esculentum Mill.) fruit was investigated. Cholesterol as a model compound of such triterpenols as a-and b-amyrins was solubilized in a concentration-dependent manner above the critical micelle concentration (cmc), while nondetectable quantities of the saturated hydrocarbon, dotriacontane, was solubilized at any concentration used. However, the surfactants solubilized more cholesterol from mixed than single membranes.
Although pesticides and fertilizers have been signiˆcantly contributing to the increase of food production in the world, environmental pollution in rivers and ground water caused by their excessive use has given rise to more serious problems. [1] [2] [3] [4] [5] Accordingly, recent public concern that chemicals in the environment are disrupting the normal human endocrine function causing reproductive and developmental disorders, including a reduction in male fertility or an increase in female breast cancer, [6] [7] [8] has led to eŠorts to identify and characterize environmental endocrine-active chemicals, focusing on xenoestrogens which are capable of interfering with the estrogen receptor function. [9] [10] [11] In the formulation of agrochemicals, however, surfactants are often applied to increase the solubility of organic pesticides in an aqueous spray solution and to enhance the wetting, retention and penetration of the active ingredient through the cuticular barrier. [12] [13] [14] [15] Among them, the alkylphenol polyethoxylate surfactant, TX-100, has been one of the most important additives used in the formulation of pesticides. 16, 17) However, we have found that certain bacteria of the Pseudomonas sp. can degrade TX-100 to estrogenic metabolites in a paddyˆeld, indicating that arable land may be the potential origin of alkylphenol contamination.
18) It has therefore become important to identify alternative surfactants, and the mechanism by which a surfactant enhances the foliar uptake needs further research to locate them.
The cuticular membrane has been used as a model system because of the complexity in the interaction of the spray solution and W or active ingredient with the plant surface. Knoche et al. 19) have suggested that one of the possible rate-limiting steps in foliar uptake might be related to the surfactant solubilization of epicuticular waxes.
Tamura et al. 21, 22) have recently provided deˆnitive experimental evidence of TX-100 solubilizing the wax constituents and, moreover, selecting the soluble constituents from them. This selective solubilization may be related to the diversity of penetration of agrochemicals being in‰uenced by the surfactant since the chemical transport properties of the active ingredients are closely correlated with both the chemical composition of the wax and the chemical structure of the surfactant itself. This paper reports a comparative study of the eŠect of the polyoxyethylene chain length of polymeric surfactants on the properties of surface solubilization. Our data suggest that the solubilization activity of a surfactant may become a useful index to characterize its surface actions. We also discuss the interaction between the chemical structure of a surfactant and its selective solubilization ability. We further hypothesize on the possible mechanism for surfactant solubilization and the foliar penetration process.
Materials and Methods
Chemicals. The surfactant used was a- [4-(1,1,3,3-tetramethylbutyl) phenyl]-v-hydroxypolyoxy-1,2-ethanediyl which is abbreviated to TX (Rohm and Haas, PL, U.S.A.). TX surfactants are mixtures of oligomers, where the number represents the average value of the oxyethylene units. Cholesterol, dotriacontane and tetratriacontane were purchased from Tokyo Kasei Kogyo (Tokyo, Japan), the cholesterol being recrystalized twice from ethanol before use. All organic solvents used were of pesticide residue analysis grade (Wako, Kyoto, Japan).
Sample preparation. About 12 mg of each epicuticular wax model compound was reconstituted as aˆlm on the bottom of glass scintillation vials (4.5 cm 2 base area) by transferring 1 ml of chloroform containing cholesterol and W or dotriacontane to the vial, and evaporating overnight at 509 C. The depositedˆlm was dried further in vacuo at room temperature for 6 h. The reconstituted epicuticular wax model system for studying the solubilization by TX surfactants was planted on the bottom of each glass vial. Samples only from cholesterol or dotriacontane are referred to as a`single' membrane, and samples from a 1:1 mixture of cholesterol and dotriacontane are referred to as a`mixed' membrane. All glass vials and Te‰on-lined caps were rinsed three times with chloroform before use. Ten ml of the designated surfactant at an appropriate concentration (w W v) made up in deionized, distilled water was added to each vial. The vials were all capped and extracted by shaking horizontally at 125 rpm and 259 C for 7 d. The supernatant was decanted from each sample andˆltered through a disposable syringeˆlter (0.2 mm pore size; Advantec, Tokyo, Japan). The resultingˆltrate was completely freeze-dried, ‰ushed with nitrogen and then stored at 49 C until needed to use. Blank vials without any surfactant were subjected to the same procedure and served as controls. To compare the eŠect of a surfactant on its solubilization activity, the concentration used were determined by the equation,
.(I), where [M] represents the micelle concentration, [S] the surfactant concentration (z), [CMC]
the critical micelle concentration (z) which is abbreviated to cmc, AG# the aggregation number and MW the average surfactant molecular weight. All information used has been cited from our previous paper.
21 ) The micelle concentrations used were standardized according to the concentrations of TX-100. On above cmc study, each concentration was 0.06, 0.04 and 0.02z (w W v) for TX-45, 1.1, 0.1 and 0.02z (w W v) for TX-114, 1.0, 0.1 and 0.03z (w W v) for TX-100, and 0.91 0.18 and 0.12z (w W v) for TX-164 and TX-405. In the below cmc study, concentrations used were 0.002z (w W v) for TX-45 and TX-114, 0.01 z (w W v) for TX-100, and 0.012z (w W v) for TX-165 and TX-405. This concentration range provided an extraction solution having either only the monomeric form of a surfactant or the monomeric plus micellar forms present. Each surfactant was dissolved in deionized and distilled water.
Analysis of solubilized model compounds.
A quantitative determination of the solubilized model compounds was conducted by a gas chromatographic analysis with a GC 17A and CR-7A system (Shimadzu, Kyoto, Japan). The gas chromatograph was operated in the split mode at a ratio of 1: 40, using a stainless capillary column [15 m×0 .25 mm (i.d.), 1.5 mm thickness ultra alloy-01 (Shimadzu, Kyoto, Japan)], an injector temperature of 4209 C, a helium carrier gas ‰ow rate of 0.5 ml W min and the nitrogen ‰ow rate as a makeup gas controlled by a computed ‰ow control system, and a ‰ame ionization detector at a temperature of 4209 C. The temperature program for TX-45 was 1) 2359 C, 12 min, 2) 2359 C to 2409 C at 59 C W min The lyophilized samples were dissolved in various amounts of chloroform containing the internal standard, tetratriacontane, and 1 ml of a sample was injected into the GC-17 system. The individual solubilized constituents were quantiˆed by comparing the peak area of each constituent with that of the internal standard. The solubilized constituents are expressed in mg W 10 ml per 7 d. Each experiment was performed at least three times for each of three replicates.
Results and Discussion
Solubilization of model compounds Since TX-100 can solubilize epicuticular wax constituents selectively, 22) cholesterol was chosen as a model compound of soluble epicuticular wax constituents, such as amyrins, because of its convenience, and dotriacontane also was used as a representative of insoluble constituents throughout the experiments. The eŠect of TX-100 surfactant on solubilization of cholesterol from the reconstituted epicuticular wax model system was determined in order to conˆrm whether this reconstituted model system displays the same behavior observed in the 295 Study on the Surfactant Solubilization previous paper. 22) As shown in Table 1 , the solubility of cholesterol increased linearly with an increase of TX-100 surfactant concentrations above its critical micelle concentration (cmc, 0.019z) in a single membrane. However, cholesterol was not detected below the cmc in both single and mixed membranes. Meanwhile, dotriacontane could not be detected either above or below cmc in either single or mixed membrane (data not shown). More interestingly, dotriacontane did not interfere with the solubilization of cholesterol from the mixed membrane. In an intact system, it is very di‹cult to assess the contribution of each epicuticular wax constituent on surfactant solubilization independently under such complicated systems, because intact epicuticular waxes consist of many diŠerent compounds. Therefore, the fact that TX-100 reproduced the selective solubilization suggests that the model system based on the capability of surfactant solubilization serves as a useful tool to reveal surfactant penetration mechanisms and to estimate alternative surfactants instead of alkylphenol ones.
EŠect of POE length on surfactant solubility
Since micelles have a signiˆcant in‰uence on surfactant solubility, [20] [21] [22] micelle concentrations were standardized by equation (I) based on the concentration of TX-100, as regards examination of the eŠect of POE chain length on the surfactant solubility ( Table 2) . Because of the low water solubility of TX-45, however, it was di‹cult to make the solutions of the same micelle concentrations. In a single membrane, every surfactant, except for TX-405, solubilized cholesterol at concentrations above cmc, whereas no solubilized cholesterol was detected in every case at the concentration below cmc. The solubility of cholesterol was increased in a dosedependent manner at a concentration above their cmcs. Especially, surfactants with a shorter POE chain length solubilized greater quantities of cholesterol than those observed by longer ones. In the case of TX-405 having the longest POE chain length used in this experiment, no cholesterol was detected even at the highest concentration. The fact that surfactants with a shorter POE chain length solubilized greater quantities of cholesterol than those with longer POE chains, therefore, suggests that the microenvironment of micelles related to a polyoxyethylene moiety has an signiˆcant eŠect on surfactant solubilization.
In mixed membrane, the solubility of cholesterol increased in the order of TX-405ºTX-165ºTX-100ºTX-114ºTX-45. However, no dotriacontane was detected even at the highest concentration in every surfactant (data not shown). Notably, a series of surfactants used, except for TX-405, prefer to solubilize more cholesterol in a mixed membrane than one in a single membrane, implying that dotriacontane in a mixed membrane played an important role to enhance solubilization of cholesterol by surfactants. To characterize a possible mechanism of surfactant solubilization, correlations of the cholesterol amount solubilized from a single vs. mixed membrane were analyzed. One of representative results is shown in Fig. 1 and data is summarized in Table 3 . When the value of slope is larger than one, dotriacontane will enhance an ability of surfactant solubility (Fig. 1) . Thus, this value tells us the characterization of solubilization mechanism and interaction between surfactants and wax constituents. Since the slope displayed almost similar to each other, except for TX-100 (Table 3) , it seems that hydrophobic interac- tion is responsible for their adsolubilization at solidliquid interface, and hydrocarbon fraction of mixed membrane available for interfacial adsorption is expected to be signiˆcant. If dotriacontane weakens the interaction between cholesterol molecules, the slope of TX-100 should be increased like other surfactants which have same chemical structures. Although hypothetical, this indicates that the octylphenol head group, which is a common hydrophobic structural group in surfactants used, may recognize adsorption sites of reconstituted membrane and then, importantly interacted with dotriacontane to increase the capacity of surfactant solubilization at solid-liquid interface. Meanwhile solubilization capacity of surfactants depended on the microenvironment of the micelle. Accordingly, POE chain length plays an important role to make a suitable microenvironment for solubilized constituents. Although the basis for the selective solubilization of the epicuticular wax constituents is not clear, one possible mechanism of surfactant solubilization was hypothesized as follows; the more hydrophobic head group is well adsorbed on the hydrocarbon part of mixed membrane surface, whilst the polyoxyethylene moiety can be preferentially associated with the cholesterol residue at the interface so as to solubilize it. Thus, this non-polar head group is referred (termed) to as adsorption moiety, and the POE chain is referred to as solubilization moiety (Fig. 2) . Then, at the leaf-droplet interface area, the following process should be proposed; Surfactant recognizes the soluble constituents of epicuticular wax after an interaction with hydrophobic constituents (Adsorption step). Secondly, physical properties of epicuticular wax such as degree of order and their orientation may be altered, decreasing the diŠusion barrier (Reorganization step). Finally, applied pesticides penetration through the wax barrier is enhanced (Penetration step).
Alkylphenol polyethoxylate surfactants have been one of the most important additives used in formulations of pesticides. However, tillable land may be a possible source of alkylphenol contamination because bacteria such as Pseudomonas sp. can degrade TX-100 to estrogenic metabolites in a paddyˆeld. 18) Therefore, it has been becoming more important tô nd alternative surfactants and one should address the mechanism of surfactant enhancement of folliar uptake to discover them.
Nevertheless, less attention has been paid to the correlation between penetration and surface solubilization. The basis for the selective solubilization of the epicuticular wax constituents has also been vague. Recently, we demonstrated that surface solubilization is one of the important roles played by the penetration behavior of pesticides. 21, 22) Accordingly, the model system presented in this paper makes it possible to analyze directly the interaction between surfactant and wax constituents.
Although surfactants of a wide range of chemistries are routinely used in agrochemical formulations and as spray additives, our model system would greatly enhance our ability to tailor additives for speciˆc end-use applications because it suggests that surfactant solubilization activity may become a useful index to characterize its surface actions. More attention should be focused on the structure-related issue involved in the potential for surfactant solubilization of epicuticular wax that may have signiˆcant implications in the performance of foliar applied agrochemicals in crop production. Further research on this issue would have merit.
